Background: How autophagy, a cell survival mechanism, regulates intestinal epithelial tight junction barrier or paracellular permeability is unknown. Results: Autophagy reduces the paracellular permeability of small solutes and ions via degradation of the pore-forming tight junction protein claudin-2. Conclusion: Autophagy enhances tight junction barrier function by targeting claudin-2. Significance: This is the first report showing autophagy regulation of the intestinal tight junction barrier.
The intestinal epithelium forms a crucial interface between the intestinal mucosa and the luminal environment. Besides forming a physical barrier, the intestinal epithelium regulates water, nutrient, and ion transport while providing a barrier against toxins and pathogenic organisms. The apical intercellular tight junctions (TJs) 2 are responsible for the paracellular barrier function and regulate transepithelial flux of ions and solutes between adjacent cells. Increased intestinal permeability caused by defects in the intestinal epithelial TJ barrier is considered an important pathogenic factor for the development of intestinal inflammation (1) (2) (3) (4) . Defects in the intestinal TJ barrier allow increased antigenic penetration, resulting in an amplified inflammatory response in inflammatory bowel disease (IBD), celiac disease, necrotizing enterocolitis, and ischemia-reperfusion injury (1, 2) . Conversely, the enhancement or retightening of the intestinal TJ barrier has been shown to accelerate the resolution of intestinal inflammation in both animal models of IBD and human IBD (3) (4) (5) . The mechanisms of physiological regulation of the intestinal TJ barrier and its dysregulation under pathological conditions remain poorly understood.
Autophagy, an intracellular degradation pathway, is an essential cell survival mechanism and plays an important role in diverse processes such as metabolic stress, neurodegeneration, cancer, aging, immunity, and inflammatory diseases (6) . Autophagy refers to the engulfment and processing of cellular proteins, including damaged organelles and long-lived and misfolded proteins. Autophagy has been shown to be active in the normal colonic intestinal mucosa, more so in the proliferative component of colonic crypts (7) , and has been suggested to play a role in intestinal cell survival during physiological stress (8) . Among intestinal diseases, autophagy was first linked to pathogenesis of Crohn disease when genome-wide association studies identified mutations in the autophagy-related genes ATG16L1 and IRGM as risk factors for Crohn disease (9 -11) . Recent studies have shown the role of autophagy in dendriticepithelial cell interactions, adaptive immune response, NOD2-directed bacterial sensing, lysosomal destruction, and immunemediated clearance to be important for the pathogenesis of IBD (12) (13) (14) (15) . Although clinical data show a direct link between a defective intestinal TJ barrier and persistent and prolonged intestinal inflammation in IBD patients (5, 16, 17) , the role of autophagy in the regulation of the intestinal epithelial TJ barrier remains unknown.
The aim of this study was to examine the role of autophagy in the regulation of intestinal TJ barrier function using a commonly used in vitro intestinal epithelial model system consisting of filter-grown Caco-2 monolayers. Our data show that autophagy induces a significant enhancement in TJ barrier function of ions and small-sized solutes in Caco-2 cells by targeting the degradation of the TJ protein claudin-2.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-Caco-2 cells obtained from the American Type Culture Collection were grown on 0.4 M pore size, 12-mm diameter inserts maintained at 37°C in DMEM supplemented with 10% fetal bovine serum. The transepithelial electrical resistance (TER) of the filter-grown cells was measured by an epithelial voltohmeter (World Precision Instruments, Sarasota, FL), and monolayers with a TER of 450 -500 ⍀/cm 2 were used for experiments. Madin-Darby canine kidney (MDCK) I and II cells were obtained from Sigma (catalog nos. 00062106 and 00062107, respectively). Starvation was induced by incubation of filter-grown monolayers in Earle's balanced salt solution (Sigma, catalog no. E3024). Other reagents used were the autophagy inducer rapamycin (Invitrogen, catalog no. PHZ1235), PP242 (Santa Cruz Biotechnology, catalog no. sc-301606), the autophagy inhibitors bafilomycin A1 (Santa Cruz Biotechnology, catalog no. sc-201550), wortmannin (Sigma, catalog no. W1628), and chloroquine (Sigma, catalog no. C6628). Primary antibodies for occludin and claudin-1, 2, 3, and 8 were purchased from Life Technologies. Claudin-13 antibody was obtained from Novus Biologicals (catalog no. NBP1-80029). LC3B antibody was obtained from Sigma (catalog no. L7543), caspase-3 (catalog no. 9665) and caspase-7 (catalog no. 9492) antibodies were from Cell Signaling Technology, and LAMP2 antibodies were from Novus Biologicals (catalog nos. NBP1-95696 and NBP2-22217). Cytotoxicity was assessed by lactate dehydrogenase release according to the protocol of the manufacturer (Sigma, TOX7).
Determination of Caco-2 Paracellular Permeability and TJ Ion Selectivity-Beside the measurements of TER, Caco-2 and MDCK cell paracellular permeability was determined using the following paracellular markers of various sizes: dextran (Ϫ 14 C, M r ϭ 10,000), inulin (Ϫ 14 C, M r ϭ 5000), mannitol (Ϫ 3 H, M r ϭ 182), L-glucose (Ϫ 3 H, M r ϭ 180), and urea (Ϫ 14 C, M r ϭ 60). For the determination of apical-to-basal flux rates of the paracellular markers, known concentrations (1.5 M) of these paracellular markers were added to the apical solution, and radioactivity was measured in basal solution using a scintillation counter, as described previously (18) . TJ ion selectivity was determined by measuring the dilution potentials in the presence of an electrochemical gradient (80 and 145 mM NaCl on either the apical or basal side, osmotically balanced by addition of 130 mM mannitol on the opposite side). The ion permeability ratio () for Caco-2 monolayers was calculated from the dilution potential using the Goldman-Hodgkin-Katz equation:
, where is the ratio of permeability of the monolayer to Na ϩ over the permeability to Cl Ϫ ( ϭ P Na / P Cl ), ⑀ is the dilution factor (⑀ ϭ C basal / C apical ), and v ϭ eV / kT (where V is the dilution potential, k is the Boltzmann constant, e is the elementary charge, and T is the Kelvin temperature) (19, 20) .
Cell Transfections-Caco-2 or MDCK II monolayers were transiently transfected with ATG7, ATG16L1, and CLDN2 siRNA (Thermo Scientific) using DharmaFect transfection reagent as described previously (18) . In brief, confluent Caco-2 monolayers on 12-well Transwell plates were treated with 5 ng (0.5 nmol) of the siRNA and DharmaFect transfection reagent in Accell medium (Thermo Scientific). The efficiency of silencing was confirmed by Western blot analysis after 72 h of treatment. For ectopic overexpression of claudin-2, Caco-2 cells were transfected with a CLDN2 expression clone (EX-V1294-M02, vector pEZ-M02, GeneCopoeia) according to the instructions of the supplier.
Western Blot Analysis for Assessment of Protein ExpressionTo study protein expression, Caco-2 monolayers were rinsed with ice-cold PBS, and cells were lysed with lysis buffer (50 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 500 M NaF, 2 mM EDTA, 100 M vanadate, 100 M phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin A, 40 mM paranitrophenyl phosphate, 1 g/ml aprotinin, and 1% Triton X-100). The cell lysates were clarified (2000 rpm, 2 min), centrifuged (10,000 rpm, 10 min), and the supernatant was saved. Protein analysis of extract aliquots was performed (BCA protein assay kit, Pierce), and Laemmli gel loading buffer was added to the lysate and boiled for 7 min. An equal amount of protein was loaded and separated on an SDS-PAGE gel. Proteins from the gel were transferred to a nitrocellulose membrane, and the membrane was incubated for 2 h in blocking solution (5% dry milk in TBS-Tween 20 buffer). The membrane was incubated with appropriate primary antibody in blocking solution. After being washed in TBS-1% Tween buffer, the membrane was incubated in the appropriate secondary antibody and developed using Santa Cruz Biotechnology Western blotting luminol reagent (Santa Cruz Biotechnology) on Kodak BioMax MS film (Fisher Scientific).
Confocal Immunostaining-Membrane localization of TJ proteins and staining of LC3 was assessed by immunofluorescence antibody labeling. Caco-2 monolayers were washed twice in cold PBS, fixed with 2% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton X-100 in PBS at room temperature for 5 min. The cell monolayers were then blocked in normal serum and labeled with primary antibodies in blocking solution overnight at 4°C. After being washed with PBS, the cells were incubated in FITC or Cy-3-conjugated secondary antibodies. ProLong Gold antifade reagent (Invitrogen) containing DAPI as a nuclear stain was used to mount the cell filters on glass slides. The slides were examined using a confocal fluorescence microscope (LSM 510, University of New Mexico Imaging Center) equipped with a Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu, Japan). Images were processed with LSM software (Zeiss, Germany).
Coimmunoprecipitation Analysis-Coimmunoprecipitation studies were performed using Dynabeads protein G according to the instructions of the manufacturer (Invitrogen). Dynabeads were incubated with LAMP2 antibody, washed, and then incubated with sample lysates. Immunoprecipitates were separated by SDS-PAGE and analyzed further by Western blotting.
Statistical Analysis-The values of experimental data were expressed as the mean Ϯ S.E. and analyzed using Student's t test for unpaired data and analysis of variance whenever required (GraphPad Prism 5.00 for Windows, GraphPad Software, San Diego, CA). p Ͻ 0.05 was considered significant. Independents experiments were repeated at least three times to ensure reproducibility.
RESULTS

Nutrient Starvation Enhances Epithelial TJ Barrier Function of Intestinal
Caco-2 Cells-To study the effect of autophagy on epithelial barrier function, we used an established model of nutrient starvation-induced autophagy. Filter-grown Caco-2 cell monolayers were incubated with serum-free Earle's balanced salt solution, and the TER was measured to assess TJ barrier function. Starvation progressively increased TER up to 200% over a period of 96 h (Fig. 1A) . The paracellular permeability was also measured by the apical-to-basal flux of the commonly used paracellular markers dextran and inulin. The paracellular flux of the macromolecules dextran (M r ϭ 10,000) and inulin (M r ϭ 5000) was not changed after starvation (Fig. 1, B and C). Therefore, starvation increased Caco-2 TER without affecting paracellular flux of the large paracellular markers. Next, because TER is a measurement of paracellular ionic conductance (in this particular case Na ϩ and Cl Ϫ conductance), we examined whether TJ ion selectivity and small solute permeability was altered because of starvation. To this end, using the dilution potential technique as detailed under "Experimental Procedures," we found that starvation significantly reduced the dilution potential and the ratio of permeability of sodium (P Na ) to chloride (P Cl ) of Caco-2 cells (Fig. 2, A and B) . Starvation did not affect the flux of the medium-sized paracellular probes mannitol (M r ϭ 182; molecular radius, 4.1 Å) or L-glucose (M r ϭ 180; molecular radius, 4.3 Å) (Fig. 2 , C and D) but caused a progressive reduction in the flux of small-sized solute urea (M r ϭ 60; molecular radius, 2.9 Å) (Fig. 2E) . Therefore, starvation caused an increase in Caco-2 TER, decreased the paracellular permeability to small-sized solutes, and decreased the cation-to-anion permeability without affecting the flux of larger-sized solutes with a molecular radius of Ն4.1 Å.
Starvation Reduces Expression of the TJ Protein Claudin-2-The apical TJs are the junctional complexes responsible for regulating paracellular permeability. The apical TJs are known to have two pathways, a small-size, cation-selective, highcapacity "pore" pathway and a large-size, non-charge-selective "leak" pathway. Our findings of a starvation-induced reduction in ion permeability as reflected by increased TER, a reduction in TJ cation selectivity, and a reduction in small-size urea permeability suggested that starvation selectively targeted the pore pathway without affecting the leak pathway. The pore pathway is largely regulated by the TJ membrane proteins claudin, particularly claudin-2, which is a cation-selective, pore-forming protein (21, 22) . Therefore, we next studied protein expression of selected claudins (claudin-1, 2, 3, 8, and 13) that are known to regulate the paracellular TJ barrier (23) . The protein level of claudin-1, 3, 8, and 13 showed no change during starvation (Fig.  3A) . However, the levels of the cation-selective, pore-forming TJ protein claudin-2 were found to be reduced markedly after starvation (Fig. 3, A and B) . The starvation-induced reduction in claudin-2 protein expression correlated linearly with the increase in Caco-2 TER and the reduction in paracellular flux of urea (Fig. 3, C and D) , with a correlation coefficient of 0.96 and 0.95, respectively.
Nutrient Starvation Induces Autophagy in Caco-2 Cells-
Starvation induces autophagy in a wide variety of cell culture models. During the induction of autophagy, microtubuleassociated protein light chain (LC3) is lipidated and incorporated into the autophagosomal membrane and is widely used as a marker for autophagy (6) . Immunoblotting for LC3 in starved Caco-2 cells showed a progressive increase in the ratio of LC3-II (lipidated form) to LC3-I protein during starvation (Fig. 4, A and B ). We also measured the level of another autophagy substrate, p62 (SQSTM1). p62 is an adaptor protein that binds to LC3 and is degraded during starva-FIGURE 2. Starvation reduces the TJ cation selectivity and small solute permeability of filter-grown Caco-2 monolayers. A, the NaCl dilution potential was measured after formation of an apical-to-basal electrochemical gradient, as detailed under "Experimental Procedures." The change in dilution potential was reduced significantly after starvation (for 96 h) compared with the control group (*, p Ͻ 0.001). Similar results were obtained after the formation of a basal-to-apical electrochemical gradient (data not shown). B, starvation changed the TJ ion selectivity and reduced the ratio of the permeability of Na ϩ to Cl Ϫ , as calculated from the dilution potentials and the Goldman-Hodgkin-Katz equation, detailed under "Experimental Procedures" (*, p Ͻ 0.001 versus control). C-E, starvation did not affect the paracellular flux of mannitol (molecular radius, 4.1 Å) and L-glucose (molecular radius, 4.3 Å) but progressively reduced the flux of small solute urea (molecular radius, 2.9 Å) (*, p Ͻ 0.01 versus control).
tion-mediated autophagy (24) . We found that there was a progressive decrease in the p62 protein level during starvation (Fig. 4A) . Furthermore, inhibition of autophagy with the lysosomal inhibitor bafilomycin A resulted in the accumulation of LC3-II in the presence of starvation media (Fig. 4C) . The autophagic flux was evident by the difference in the amount of LC3-II in the absence or presence of bafilomycin A during starvation (Fig. 4D) . Consistent with these findings, confocal immunofluorescence microscopy showed a punctate (autophagosomal) staining pattern of LC3 in starved cells (Fig. 4E) . These data confirm that starvation induced autophagy in Caco-2 cells. Starvation did not produce cytotoxicity, as assessed by lactate dehydrogenase release assay (data not shown) and did not induce apoptosis, as assessed by capspase-3 and caspase-7 protein expression (Fig. 4F) .
Autophagy Regulates Paracellular Permeability, and Pharmacologic Induction of Autophagy Enhances the Caco-2 TJ Barrier-To assess the direct role of autophagy and to rule out the possibility that other biological changes induced by starvation caused the increase in the Caco-2 TJ barrier, we next examined whether the pharmacological induction of autophagy in normally fed Caco-2 cells was also sufficient to cause an enhancement in the caco-2 TJ barrier. Mammalian target of rapamycin (mTOR) is a key suppressor of autophagy, and rapamycin, an inhibitor of mTOR, activates autophagy (25) . In Caco-2 cells fed with media containing standard nutritional supplements, rapamycin caused a progressive increase in Caco-2 TER (Fig. 5A) . The time course of the rapamycin-induced increase in Caco-2 TER and the level of increase were similar to that of starved cells. Rapamycin treatment caused an increase in the relative levels of LC3II to LC3I, confirming autophagy induction (Fig. 5B) . Rapamycin also caused a decrease in urea flux (Fig. 5D ). Another distinct pharmacologic mTOR inhibitor, PP242 (26) , also induced a similar increase in TER (Fig. 5A) . Therefore, autophagy induction was found to be sufficient to cause an enhancement in the Caco-2 TJ barrier. Furthermore, we examined the effect of autophagy inhibition on rapamycin-induced changes in TJ barrier function. We utilized pharmacologic inhibitors that affect different stages of autophagy and autophagosome formation. The concentrations of these inhibitor agents were derived from dose curve studies that determined the doses of each drug that did not cause cellular damage or affect the TER in normally fed Caco-2 cells (data not shown). Bafilomycin A is a known inhibitor of VATPase and, therefore, inhibits autolysosome formation and degradation (27, 28) . Chloroquine inhibits autophagy via inhibition of the acidification of lysosomes (29) , and wortmannin is a known inhibitor of class III PI3K, which is required to initiate autophagy (30) . As shown in Fig. 5C , the simultaneous incubation of rapamycin-treated Caco-2 cells with bafilomycin A, chloroquine, or wortmannin inhibited a rapamycin-induced increase in TER. Bafilomycin A, chloroquine, and wortmannin also attenuated the rapamycin-induced reduction in urea flux (Fig. 5D) . Therefore, autophagy inhibitors reversed the rapamycin-induced changes in TJ barrier function.
Pharmacologic and Genetic Inhibition of Autophagy-related Proteins Inhibits Starvation-induced Enhancement in the Caco-2 TJ Barrier-In the following studies, we further examined the role of autophagy in the enhancement of the Caco-2 TJ barrier by pharmacological inhibition of autophagy during cell starvation. As shown in Fig. 6A , addition of bafilomycin A, chloroquine, or wortmannin to the starving Caco-2 cells significantly prevented a starvation-induced increase in TER. As shown in Fig. 4C , bafilomycin A treatment caused the accumulation of LC3II in starved cells.
To further validate the role of autophagy in the Caco-2 TJ barrier and to address the possible off-target effect of the pharmacological agents bafilomycin A, chloroquine, and wortmannin (31), knockdown of specific ATG genes by siRNA was used. Expression of two autophagy-related proteins, ATG16L1 and ATG7, both of which are known to be critical for the formation of isolation membranes of autophagosomes (32, 33) , was knocked down by siRNA silencing in filter-grown Caco-2 monolayers. The respective siRNA transfection, but not non-target (NT) siRNA transfection, produced a near-complete knockdown of ATG16L1 and ATG7 protein expression (Fig. 6B ). ATG16L1 and ATG7 siRNA, but not NT siRNA transfection, significantly prevented the increase in TER induced by starvation (Fig. 6C) . The ATG16L1 and ATG7 siRNA transfections by itself did not affect Caco-2 TER in transfected cells (data not shown). ATG16L1 and ATG7 siRNA transfection also prevented the starvation-induced reduction in urea flux (Fig. 6D) . Importantly, treatment of starving Caco-2 cells with various autophagy inhibitors (Fig. 6E ) and transfection with ATG16 and ATG7 siRNA (Fig. 6F) prevented a starvation-induced reduction in the claudin-2 protein level. These findings provide unequivocal evidence that autophagy activation leads to an enhancement of Caco-2 TJ barrier function via claudin-2 degradation. Fig. 7C ). These results indicate that starvation induced enhancement of the Caco-2 TJ barrier in a claudin-2 dependent manner.
Claudin-2 Is Targeted to Lysosomes during Starvation-In the studies above, claudin-2 protein levels were found to be downregulated consistent with the changes in TER and urea flux during starvation. Autophagy is a degradation pathway that delivers cargo proteins to lysosomes. Therefore, in the following studies, we investigated claudin-2 delivery to the lysosome and its lysosomal degradation. In confocal immunofluorescence microscopy, claudin-2 was localized mostly to the junctional plasma membrane in control Caco-2 cells (Fig. 8A) . Starvation resulted in a progressive decrease of claudin-2 localization at the junctional membrane and an increased presence in the cytoplasm. Furthermore, the claudin-2 protein present in the cytoplasm showed colocalization with the lysosomal marker LAMP2 (Fig. 8A) , suggesting the presence of claudin-2 within the lysosomes. Immunostaining of another TJ protein, occludin, revealed the persistent presence of occludin on the plasma membrane during starvation with no colocalization with LAMP2 (Fig. 8B) , indicating that the starvation-induced targeting of TJ protein to the lysosomes is specific to claudin-2. To further confirm the colocalization and association of claudin-2 with the lysosomes, we immunoprecipitated the lysosomal fraction using lysosomal marker LAMP2 antibody and probed the immunoprecipitate for the presence of claudin-2. As shown in Fig.  9 , claudin-2 protein levels in LAMP2 immunoprecipitates were found to be increased during the early starvation period, indicating an increased association of claudin-2 with lysosomes during early starvation. Claudin-2 protein levels were reduced toward the late starvation period as the total claudin-2 protein levels went down (indicating claudin-2 degradation) during that period. Therefore, these morphological and biochemical observations suggest that induction of autophagy leads to lysosomal delivery and subsequent degradation of claudin-2.
Starvation Enhances the TJ Barrier in a Claudin-2-dependent Manner in MDCK Cells-To examine whether autophagy-induced claudin-2 degradation and enhancement in the TJ barrier extend to other epithelial cell types and are not limited to Caco-2 cells, we conducted starvation experiments in MDCK cells. MDCK is a widely used model polar epithelium that has two dis- tinct strains in part on the basis of claudin-2 expression. MDCK I cells do not have claudin-2 and, therefore, have very high TER, whereas MDCK II cells have high claudin-2 expression and have low TER (34, 35) . Starvation markedly increased TER in claudin-2-expressing MDCK II cells, similar to Caco-2 cells (Fig. 10A) . Starvation also significantly reduced the dilution potential (data not shown) and the ratio of permeability of sodium (P Na ) to chloride (P Cl ) of MDCK II cells (Fig. 10B) . Consistent with the starvation-induced reduction in small-sized solute permeability in Caco-2 cells, starvation decreased small-sized molecule urea flux but not large-sized solute inulin flux in MDCK II cells (Fig. 10, C  and D) . Starvation also significantly reduced claudin-2 protein levels in MDCK II cells (Fig. 11A) , and claudin-2 was colocalized to the lysosomal marker LAMP-2 during starvation (Fig. 11B) . We further examined the induction of autophagy by starvation and its effect on the TJ barrier in MDCK II cells. Confocal immunofluorescence microscopy detected a punctate (autophagosomal) staining pattern of LC3 in starved MDCK II cells (Fig. 11C) . The mTOR versus all other groups. B, the respective siRNA transfection, but not NT siRNA transfection, produced a significant knockdown of ATG16L1 and ATG7 protein expression. C, inhibition of the autophagy-related proteins ATG16L1 and ATG7 with siRNA transfection, but not non-target siRNA transfection, significantly inhibited the increase in TER caused by starvation. * and #, p Ͻ 0.01 versus starvation. D, ATG 16L1 and ATG7 siRNA, but not non-target siRNA transfection, significantly attenuated the starvation-induced reduction in paracellular flux of urea (96 h of starvation). *, p Ͻ 0.01 versus all other groups. E and F, autophagy inhibition during starvation by bafilomycin A (BAF), chloroquine, and wortmannin (WORT) (E) and ATG16L1 and ATG7 siRNA (F) prevented a starvation-induced reduction in claudin-2 protein level. ␤-actin is shown as a loading control (con). The blots represent at least three independent experiments. The claudin-2:actin ratio represents the densitometry analysis. *, p Ͻ 0.01 versus all other groups. inhibitors rapamycin and PP242 increased the TER of MDCK II cells to levels comparable with the increase caused by starvation (Fig. 11D) , and the autophagy inhibitors bafilomycin A, chloroquine, and wortmannin inhibited the starvation-induced increase in TER of MDCK II cells (Fig. 11E ). Starvation did not cause an increase in TER in claudin-2-deficient MDCK I cells. In fact, there was a reduction in TER after starvation. Also, the ratio of permeability of sodium (P Na ) to chloride (P Cl ) of MDCK I cells showed a minimal reduction after starvation (data not shown). These data confirm that the starvation-induced autophagy enhancement of the TJ barrier also extends to other cell types and is dependent on claudin-2 degradation. Claudin-2 Depletion Enhances TJ Barrier Function in Caco-2 and MDCK II Cells-As an alternative approach to confirm that claudin-2 degradation is a key determinant of changes in TJ barrier function during starvation, claudin-2 expression was knocked down using claudin-2 siRNA in Caco-2 and MDCK II cell monolayers. Claudin-2 siRNA-targeted Caco-2 and MDCK II cells showed an increase in TER (Fig. 12, B and E, respectively) and a reduction in urea flux (Fig. 12, C and F, respectively) compared with the respective control non-target siRNA-treated cells. Therefore, claudin-2 depletion alone, independent of starvation, was found to be sufficient for an increase in TER and a reduction in urea flux. These data further suggest that claudin-2 degradation is a key determinant for the enhancement of TJ barrier function during starvation.
DISCUSSION
The intestinal epithelial TJ barrier plays an important role in maintaining intestinal homeostasis. Defects in the epithelial TJ barrier contribute to the development of intestinal inflammation by allowing host immune system access to luminal antigens and microbes (1) (2) (3) . Emerging evidence shows autophagy to be a part of the complex pathogenesis of intestinal disorders. In particular, defective autophagy, leading to impaired immune responses, microbial sensing, destruction, and clearance, has been proposed to be a part of the pathogenesis of Crohn disease (12) (13) (14) (15) . However, nothing is known about how autophagy regulates intestinal epithelial barrier function that act as the first line of host defense against intestinal luminal antigens and is an important component of innate immunity. In this study, we investigated the role of autophagy in intestinal epithelial TJ barrier function by using an established model of starvation-induced autophagy. Our data show that starvation-induced autophagy leads to an enhancement in TJ barrier function with a reduction in paracellular permeability. Starvation-induced autophagy led to an increase in Caco-2 and MDCK II TER and a reduction in the paracellular flux of smallsized molecules. Inhibition of autophagy prevented starvation-induced enhancement in the Caco-2 and MDCK II TJ barrier.
We confirmed the induction of autophagy during starvation by detecting LC3 protein expression with or without the lysosomal V-ATPase inhibitor bafilomycin A. During autophagic flux, LC3-II present on the inner membrane of the autophagosome is degraded, whereas LC3-II present on the outer membrane of the autophagosome is recycled to the cytoplasm. During long-term starvation, this process leads to a decrease in total LC3 protein in addition to the increased LC3-II/I ratio. Furthermore, we demonstrated the accumulation of LC3-II in the presence of bafilomycin A in the starvation media. Our results are consistent with the induction of autophagy reported previously (36, 37) . The starvation-induced enhancement in the Caco-2 TJ barrier was reproduced by induction of autophagy with rapamycin and PP242 in nutrient-fed cells. Conversely, genetic inhibition of autophagy by ATG16L1 and ATG7 siRNA transfection or pharmacological inhibition of autophagy with bafilomycin A, wortmannin, and chloroquine prevented the starvation-induced increase in the Caco-2 TJ barrier.
In our study, the autophagy-induced enhancement in the TJ barrier was limited to a paracellular marker having a small molecular size (urea; molecular radius, 2.9 Å) and ions. The transepithelial flux of large-sized paracellular probes, including mannitol (molecular radius, 4.1 Å), L-glucose (molecular radius, 4.3 Å), inulin (molecular radius, 15 Å), and 10-kD dextran (molecular radius, 23 Å) was not affected. The paracellular flux data are consistent with the decrease in claudin-2 protein expression and a reduced dilution potential and P Na /P Cl ratio during starvation. The intestinal epithelial TJ barrier is cationselective (38) , and claudin-2 has been shown to be an integral component of the TJ pore pathway, which is responsible for the flux of cations and small solutes with a molecular radius of Ͻ4 Å (22, 39) . In fact, exogenous expression of claudin-2 causes the epithelial monolayer to be leakier with increased Na ϩ conductivity (35, 40) . In our studies, a starvation-induced enhancement in the TJ barrier was also evident in claudin-2-expressing MDCK II cells but not in claudin-2-lacking MDCK I cells. Also, genetic or pharmacological inhibition of autophagy during starvation was found to prevent a starvation-induced reduction in claudin-2 protein level. Taken together, these data indicate that autophagy targets the small-size, cation-selective pore pathway in the apical TJ complex by selective lysosomal degradation of claudin-2 protein. The contribution of the non-charge-selective, large-size leak pathway to autophagy-mediated changes in the TJ barrier appears to be minimal because autophagy induction did not affect the flux of paracellular markers having a molecular radius of Ͼ4 Å. The leak pathway allows the flux of macromolecules with only a minor bearing on TER (18) . Autophagy was found to markedly increase TER and to not have any effect on macromolecular permeability in this study. The claudin-2 dependence of the autophagy-mediated enhancement of the TJ barrier was further supported by the findings that overexpression of claudin-2 attenuated a starvation-induced enhancement in epithelial TJ barrier function (Fig. 7) . Moreover, claudin-2 depletion alone was found to be sufficient to enhance TJ barrier function in Caco-2 and MDCK II cells (Fig. 12) .
We demonstrated that, during starvation, claudin-2 is lost from the membrane junctional location and is targeted to lysosomes. Consistent with our data showing autophagy-induced targeting of claudin-2 to the lysosomes, constitutive internalization and recycling of claudin-2 and sorting to the lysosomal pathway have been reported to be regulated in part by the phosphorylation status of claudin-2 and by small GTPase (41, 42) . In this study, autophagy induction in Caco-2 cells did not reduce the claudin-2 mRNA level (data not shown), implicating lysosomal degradation as a key determinant for the autophagyinduced reduction in claudin-2 protein expression. The mechanism of autophagy-induced claudin-2 targeting to the lysosomal pathway will be the subject of future studies. Several studies have shown that the inflamed intestinal mucosa in patients with active IBD has increased claudin-2 expression. Moreover, inflammatory cytokines whose levels are increased markedly in IBD patients, including TNF-␣, IL-13, IL-17, and IL-6, cause an increase in claudin-2 expression and a claudin-2-dependent increase in TJ permeability (43) (44) (45) (46) (47) . Therefore, the role of claudin-2 in intestinal pathological processes has been attributed, in part, to increases in intestinal TJ permeability. In addition, the increase in claudin-2 expression has been implicated to play a role in IBD-associated dysplasia and colitisassociated carcinogenesis by promoting cell proliferation and tumorigenicity (48, 49) . Therefore, our findings are very important in view of defects in autophagy reported in IBD and autophagy regulation of paracellular permeability via claudin-2.
In conclusion, our data demonstrate, for the first time, a direct and profound role of autophagy in the regulation of paracellular TJ permeability. Our data indicate that autophagy enhances the intestinal TJ barrier by targeting the lysosomal degradation of the pore-forming TJ protein claudin-2.
